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Abstract 

The rate of associative production of Higgs and Z-bosons by charged 
leptons in the field of a plane electromagnetic wave of arbitrary inten- 
sity and in the constant crossed field is obtained. The cross section is 
examined as a function of particle energies and external field intensi- 
ties for various values of the Higgs boson mass. It is shown, that the 
photoproduction cross section increases logarithmically at super high 
energies up to the values, that essentially exceed the cross section of 
the reaction e + e~ — ► ZH, which, at present, is considered as the most 
probable channel of Higgs boson production. 



1 Introduction 



The Higgs mechanism of spontaneous symmetry breaking is one of the key 
elements in the electroweak sector of the Standard Model, along with the 
principle of gauge invariance. It is due to this principle that fundamental 
particles, quarks and weak gauge bosons, acquire masses through their inter- 
action with a scalar Higgs field. 

At present, the fundamental massive Higgs boson is the only particle 
of the Standard Model which has not been observed so far. Experimental 
discovery of the scalar Higgs bosons could provide an important test of the 
Standard Model and even of the Higgs mechanism of spontaneous symmetry 
breaking in particle physics itself. 

According to the Weinberg-Salam-Glashow (WSG) theory the masses 
of the W ± - and Z-bosons as well as the vacuum expectation value v of 
the Higgs field can be written in terms of the Fermi constant Gf, the fine 
structure constant a, and the Weinberg angle 9w [1, 2]: 

/ na \ 1/2 1 

M w =\— — — = 80,37±0,19Geu, 

\V2G F J sm0 w 

M z = Mw n = 91186, 3 ± 1, 9 Mev, v = {V2G F Y 1/2 ~ 246 Gev. 
cos W 

The vacuum expectation value v and the weak mixing angle 6 are experi- 
mentally determined, so that the only unknown parameter is the mass of the 
Higgs particle: 

M H = Xv, 

which depends on the as yet unknown Higgs boson self-coupling constant A. 

Since in the WSG theory couplings of Higgs bosons to other particles 
grow with the masses of these particles, interactions of Higgs bosons with 
gauge bosons and heavy quarks are much stronger than those with electrons 
and other light particles. Therefore processes of associative production of 
Higgs particles with gauge W ± - and Z-bosons are considered to be the most 
effective ones in the entire range of possible Higgs production mechanisms 
and are of substantial theoretical and practical interest. 

The main Higgs particle production mechanisms in e + e~-collisions are 
the Higgs strahlung off the Z-boson line e + + e~ — > Z — > Z + H and the 
fusion processes e + + e~ — > W + W~u e u e — > H + u e + u e , e + + e~ — > e + e~ZZ — > 
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e + + e~ + H [3-6] , among which the e + + e~ — > Z + iJ process dominates 
at y^s < 500 GeV [7], where ^/s is the cm. energy of colliding particles. The 
direct search for the process e + + e~ — > Z + H at LEP2 sets a lower bound for 
the Higgs mass of Mh > 75 GeV [1]. In this case the cross section does not 
exceed 0.3 pb for the Higgs boson mass M H e (50, 350) GeV, and it decreases 
at higher values of Mh- 

Taking into account the direct measurements of t-quark and H^-boson 
masses at Tevatron, the mass of the Higgs particle is considered to be 127+ i^ 7 GeV, 
and at a confidence level of 95% it must be less than 465 GeV [1]. 

As for the upper limit for the if -boson mass in the Standard Model, it can 
be derived from the estimation of the energy range within which the model 
is assumed to be valid, i.e., before the particles interaction becomes strong. 
Taking into account that the strength of the Higgs self-interaction as well as 
of the interaction of W- and Z-bosons with Higgs particle is determined by 
the Higgs mass and the constant A, we obtain that at Mh Mz, Mh ^> Mw 
interaction between particles appears to be strong. The detailed analysis 
leads to an estimate of about 700 GeV for the upper limit of Mh [7-10]. 

Electron-photon collisions are among other possible channels of Higgs 
boson production. For example, the dependence of the cross section of the 
process e + 7 — > W + H + v e upon the mass of the Higgs boson for the energy 
range ^[s = 200-T-2000 GeV is studied in [11, 12] and as it was shown in [12], 
production of Higgs bosons with mass values greater than 140 GeV in the 
reaction e+7 — > e77 — > e+H, is quite feasable for y/s > 500 GeV. To produce 

hard photons in this case the inverse Compton effect can be used with a nearly 

9c 1 E 

monochromatic spectrum of scattered photons for y = f 3> 1, having a 

m 

sharp maximum at u' ~ E. Here to, to', E are the energies of the incident 
and scattered photons, and of the relativistic electron respectively. 

The Higgs bosons production and decay processes in the presence of ex- 
ternal electromagnetic fields are actually of great interest. The importance 
of these studies are determined by the fact that in the field of an external 
electromagnetic wave the rates of many processes, that are usually forbid- 
den by the 4-momentum conservation law, increase substantially, reaching 
measurable values, and, on the other hand, many reactions become more 
informative in the presence of external electromagnetic fields [13-15]. 

In the present paper the associative production of Higgs and Z-bosons by 
a charged lepton in external electromagnetic fields of various configurations 
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is examined. The rates are calculated with the use of the relativistic wave 
functions of the particles in the external field which enables interactions of 
charged particles with external electromagnetic field to be considered exactly 
[13-16]. 

In Section 2 the rate of the process e — > e + Z + H in the presence 
of the electromagnetic wave field of arbitrary intensity and configuration is 
calculated. 

In Section 3 the crossed field case is examined. Under the condition, that 
the electron is extremely relativistic and the intensity of the field is relatively 

2 

small (E, H < H = ^- ~ 4, 41 • 10 13 Gs), the results obtained can be 
applied to the case of an arbitrary constant field. 

In Section 4 the asymptotics for the Higgs boson production rate in the 
cases of the crossed field and an electromagnetic wave are obtained. It is 
shown that the Higgs production cross section in the reaction e + 7 — > e + 
Z + H with photons absorbed from the wave and with high energy electrons 
can exceed the rate of the reaction e~ + e + — > Z + H, which is considered to 
be one of the most probable channel of Higgs production [1, 3, 4]. 

2 Process e — * e-\- Z -\- H in the presence of an 
external electromagnetic wave. 

In the Standard Model framework the matrix element of the process exam- 
ined can be written as follows [17] 



cos Q w y4k k' 



^ Mf 



4 A) *(*0 



p 2 - Ml + iTzM z ' 



where T z ^ 2494, 7 ± 2,6 MeV is the Z-boson decay width , k = (k Q ,k), 
k' = (k' Q , k'), p are the momenta of the Higgs boson, outgoing Z-boson, and 
virtual Z-boson respectively, and 

J M = J d 4 x4> q >{x)^{g v + g A l 5 )^ q (x) exp(ipx) 

is the electroweak current. Here g A = —1/4, gy = —1/4 + sin 2 Q w and 
ip q (x) is the exact solution of the Dirac equation for an electron in the given 
external field. 
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The wave function of an electron in the field of an external plane electro- 
magnetic wave described by the 4-potential A^ 1 = A^(ip) (the phase ip = nx, 
where n is a wave vector, n 2 = 0), is given by the following expression [14,18]: 



%{x) = {2q,V)- 1 / 2 



1 + 



2{nq) 



u(q)exp(iS q (x)). 



Here V is the normalization volume, and u(q) is the bispinor amplitude of 
the free particle solution of the Dirac equation 

(79 — m)u(q) = 0, q 2 = m 2 , 

and S q (x) coincides with the classical action for the particle, moving in the 
external plane wave field: 



S q (x) = —qx — dip 



(qA) 



(nq) 



2{nq) 



(2) 



In the case of a circularly polarized plane wave, determined by the po- 
tential 

A^(x) = di cos ip + a% sin ip, 
a\ = a\ = a 2 , a\a,2 = 0, a\n = a^n — 0, ip = nx, 
the following expression for the wave function is obtained from ([!]) and (§): 



x 



ip q (x) 
u(q) 



1 + 



2(nq) 



(ndi cos ip + ha2 sin ip) 



x 



2Q 



I . aiq . a 2 q 

exp < — te sin ip + le cos ip — iQx 

{ nq nq 



Here the electron momentum in the presence of an external plane wave 
field was introduced 

whose square is equal to the electron effective mass in the presence of an 
external field: 

Q 2 = ml = m 2 (l + e). 
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In this expression £ = J — e \ is the well known parameter of the wave 

intensity determined by the ratio of the work produced by the field in its 
wavelength to the electron energy at rest. 

The averaging of the squared matrix element with respect to the spin 
states of initial electron and summing over polarizations of the outgoing 
electron is carried out according to the common procedure, while the sum 
over polarizations of the Z-boson is obtained with the use of the following 
formula: 

A=l,2,3 V M Z ) 

where e^(k') is the Z-boson polarization 4-vector. 

Upon integrating, made in the tensor form, with respect to the Higgs and 
the outgoing Z-boson phase volumes the rate of the process in the unit space 
volume is obtained 



W--^M e — V f U ( 



G% _ fi m 2 ^ 7 du r fdT^{T - Ml - MlY - 4M Z M* H 

X 



(2ir)' Z Qo s ^oi + i r((r — M z ) + (T Z M Z ] 



x U - (b^H + A U - ' ) )\ , ,3) 



E ={& + <&) 



Mz \ M z \ M z/ i ) 

-2e u2+ u 2 ^\ j 2 s+1 + ju-^ 2 s )- 



-8J 2 



T 



2m 2 



+ 16(^-51) J 2 + (4) 



u + 2 np ( 2£ 2 u \ 2s{n P ) 
-2g A g v — — J s {J s -i - J s+ i)—4z 1 - f \ ,u s = — . 



m u + 1 



F = - 2 —2J 2 s + r^V'+r + J li - 2J2 ) ; M = M z + M H , 



_ 8tM z + (r + Mj - Mlf (r + Ml-Mir-rMl 

Y2tM\ ' 3r 2 

Each term in the series (0) corresponds to the Higgs and Z-bosons pro- 
duction accompanied by absorption of s photons from the wave, with their 



5 



minimal number being equal to 

(M + m*) 2 -ml 



so 



2(nq) 



In the expressions (||), @ for the rate of the process the new variables 
u = — 1 + (ng^ i r = ( S77 - + 9 — ?') 2 5 an d the boundaries 

(sn + qf -M 2 - m 2 ± J((sn + q) 2 — M 2 — ml) 2 - 4m 2 M 2 
ui, 2 = 2 ' 

(sn + qfu 2 

r \ u ) = — m * u - 

1 + u 

were introduced. 

The argument of the Bessel functions in the expression (f|) for the rate is 
equal to 



2s 



u ( u r(l + u) 
\u s \ u s uu s ml 



The result obtained (£J), (ffl) is exact, i.e., it is valid for any value of 
the classical parameter of the wave intensity, the nonlinearity domain, £ 2 ^ 
1, including. In this region interaction of an electron with the intensive 
electromagnetic wave field leads to new effects, nonlinearly depending on the 
energy density of the wave. 

Below a particular case, £ <C 1, will be considered, when the perturbation 
theory can be applied and the processes with minimal number of absorbed 
photons are most probable. Upon representing (|3]), ([|) as a power series in 
£ 2 , the following condition 

2{nq) > (M + m,) 2 -m 2 , (5) 

is to be satisfied, which means that the process with a single photon absorbed 
from the wave becomes possible. 

Thus, dividing the rate (^) by the incident current density j = 

2(nq) 

(u is the photon energy, E is the electron energy, as = y V ) and putting 

m 
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£2 _ Ana t a j g ^ e fl ne structure constant), the cross section of the process 
m ojV 

e + 7 — > e + Z + H is finally obtained 



a 



feG F m\ 2 ( M 2 Z \ 2 1 f ' d\{\ - M 2 /(aeAm 2 )) 1/2 (i - M 2 /(aeAm 2 )) 1/2 



7T 



sem 



(A - M|/(aeM 2 )) 2 



m 



x <2i4C-4oi— 5-D 



„m 4 ae 2 /, .u 7 , 

(A %\ +A 2 



M 



asm 



, (6) 



where A 



r 



m ae 



C=(^ + ^)[2A(l-A)-l]ln 



1 - A 



2A(<& + <&)(!- A-a)+ 



Q - A) In i— ^ - 4^ A (1 - A - a), M x = M z - M H) 

1 — A 1 iW 2 

D = [1 - 2A(1 - A)] In + 2A(1 - A - a), b = aea = 7 , 

a se m 

and A, B are determined by (H). 



3 e^e + Z + i/ process in the presence of a 
constant crossed field. 

In the present section production of Higgs bosons in constant crossed fields 
with intensity vectors E and H normal and with their magnitudes equal 
|E| = |H| to each other (this means that both of the field invariants are 
equal to zero) is considered. 

This crossed field can be regarded as an exceptional limiting case of a 
plane wave electromagnetic field, determined by the vector potential 

A» = a'V, an = 0. (7) 

Thus, with regard to ([!]) there follows an expression for the electron wave 
function in the crossed field 
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x exp 



e(7w)(7a) 

i H — ~ — ; — 



2(ng) 



w(g) 



-ze 



ag 



2 i '22 

+ ze a 



— zgx 



2(ng) 6(nq) 

The rate of the process e — > e+Z+if can be derived from ([]]) in a standard 
way after some computations with the use of the electron wave function in a 
crossed field, but here an alternative method for calculating the rate, based 
on the exact result (H) obtained for the case of a circulary polarized wave 
will be employed. Indeed, the total rate of the process e — > e + Z + H in the 
presence of such a wave depends on the two invariant parameters 



2 2 

e a 



m 



eF 



moo 



X = —,l-{F«%)\ 



1/2 



(nq) 



m 



Herewith the electric and magnetic field intensity vectors rotate in the 
plane normal to the direction of the wave propagation at the frequency equal 
to the frequency of the wave. 

Thus, the total rate of the process, calculated in the presence of a plane 
wave with circle polarization for u — * (£ — ► oo) and that in a constant 
crossed field must be exactly equal [14, 15, 18]: 



lim W{Z,x) = W(oo,x)=W(x). 



(8) 



It should be noted, that the result obtained in the limit (13) is valid for the 
crossed electromagnetic field at arbitrary value of the electron energy, and 
moreover, if e ^> m, (i.e. extremely relativistic case) it describes the rate of 
the process under consideration for an arbitrary configuration of a constant 
relatively weak electromagnetic field F Hq [14]. 

Next, the order of summing in the series and integrating in @ are inter- 
changed yielding the expression 



2tt 



W = ^2 J d(f J du J drW(u, r, s, <p) 

s>s ° M 2 
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2k 



J dip J du J da ^2 rn 2 W(u, a, s, if), 



where 



a 



m 



2 > Smin 



2% 



1+ h 



u + l 



a- 



u 



nq 

X = 

m 



If £ 2 3> 1, the value of the rate of the process is determined by the region 
z ~ s ~ £ 3 ^> 1, since it gives the dominant contribution to the result. 
Therefore, we can substitute summation over s by integration with respect 
to a new variable r using the following relations between s and r: 



2X 



1 + 



2r 



The final result is 

2tt 



+ S r 



W = J dip J du J da J dr^-^m 2 W(ip,u,r,a). 

/ M \ 2 _« 



(9) 



For high values £ 2 ^> 1 the rate u, r, a) can be representd using the 
following asymptotics [19] for the Bessel functions, which is valid when their 
argument and index tend to infinity, while their ratio tends to unity, : 



Js(z) 



1 /2\ 1 /3 



7T \S 



where is the Airy function of the argument 

_2\ / „. X 2/3 



s s2/3 
2J 



1 



1 + a 



u + l 



U 



After the limiting procedure has been performed, integration in @ with 
respect to the angular variable r be can carried out taking into account the 
well known relations for the Airy functions, cited in [14]. Thus, the following 
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representation for the total rate of the process e — > e + Z + H in the presence 
of a crossed field is finally obtained 



W 



1 G 2 F M% fm^ 2 



0f(27T) 3 Q o VM 



dx 



1 — x- 



Ml 
M 2 



(10) 



( M 2 \ 1/2 °r 

u-*r(i-H£ / 



x 



du 



rCr(u, x) 



where 



G( M ,x) = 4F 1 G 1 -8^^-G 2 



*2 

x 2 



1 — X 



M 2 / VM Z 



+ 



F 1 f M 



x VM Z 

.2 „2\ A i / _2 i „2 



2x- 



G 1 = %i-^)$ 1 + (^+^) 

/M\ 2 
G 2 = — X$! 



Mj 
M 2 

M N 2 
m / 



/M\ 

(2- — x)$!-2- -—^V 



u 2 + 2u + 2 f X \ 



u + 1 



2/3 



U 



\m J 



u+1 \uj 



2 1 

3 + 6 



Ml 



1 / M \ 1 1 



+ 



12 VM Z / x 12 
x + 



1 - 



M 



2 \ 2 
H \ 



Ml. 



1 2M 2 Z -M 2 H (Mf - M 2 H ) 2 1 1 •' 2 



3 3 M A 3M 4 
In Eq. (|TTD the function $i(z) is defined as 



-x 



1 /M z 



3 V M 



x. 



$i(z) = J $(t)dt, 



where the argument z is equal to 



V m / x u 



(12) 
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In the case of an extremely relativistic electron with the energy E 3> m, 
and momentum component pz = 0, in a constant magnetic field H f| Oz of 
relatively low intensity H <C H = — = 4, 41 • 10 13 Gs the spectral variable 
u and the dynamic parameter \ in fljl^)-(12) are defined as 



w = — - 1 = \ — ~ 1, X = 77 

V n' Hq m 



where p± = \/2eHn is the value of the transversal component of the electron 
momentum in the magnetic field, n is the principal quantum number, and 
the electron energy spectrum is given by the following expression [16]: 



E = J2eHn + m? + p%. 



4 The limiting cases and the discussion of the 
results obtained. 

Some of the interesting features of the results obtained concerning the Higgs 
boson production in the presence of a constant crossed field are to be dis- 
cussed in more detail: 

a) When the dynamic parameter is relatively small, x ^ ) > the rate 
( |10|) is mainly formed in the region z ^> 1, where the following asymptotics 
for the Airy function is valid: 

<S>(z)~-z- 1 / 4 exp(--zV 2 ). (13) 



With regard to ( |T3"| ) integration of (|TUJ) with respect to the spectral vari- 
able can be carried out by means of the saddle-point method, where the 
saddle-point Uq is derived as a solution of the equation 

A A , /M\ 2 1 

2 4-=0, A= — -, 

Mo Uq \m J x 

which leads to u ~ | ^> 1. 
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As a result, we represent ( |TOD as a simple integral with respect to A: 



W 



G\M% 16 
(2tt) 3 Qo75 



X 



dX 



G(X) 



1 - 



M 2 
m 2 X 



1/2 



exp 



V3 



(14) 



where 



G(X) 



1 - 



m 2 X 



1/2 



m 2 



x 



(^ + ^i)F 1 + 2^ 



in 



M? 



m 

'Ml 



+ F l 2 - A 



Applying the saddle-point method to ( |H| ) again, the Higgs production 
rate can finally be obtained. For relatively small values of the dynamic 

parameter \ -C & has the form: 



(2tt) 3 Q </> 5/2 V m 



W 



In this case the value of the function G(A) is taken at the saddle-point A = 

(M\ 2 
\ m ) • 

It should be noted that the exponential behavior of the rate in the case of 
relatively small values of the parameter x is characteristic for the processes 
forbidden in the absence of an external field. 

b) Below we shall calculate the Higgs production rate in the most im- 
portant case of relatively high values of the dynamic parameter \ ^ i~£) ■ 
Then the argument of Airy function in the region that provides the largest 
contribution to rate (|12D, becomes: 



My 1 



(15) 



In contrast to the case X ^ (^) > wnen the value of the integral over 
the spectral variable is determined mainly by the saddle-point neighborhood 
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u — | ^ \ (j^j 3> 1, in the case under consideration x ^ the 
main contribution to the integral is provided by the relatively wide domain 

,2 



1 « « « (f ) • 



Integration with respect to variable u with regard to (p~5|) is carried out 
by means of the integrals: 



y = -$i(o) 



7T 



2 

|t 2 $ 1 (t)rft = -$ 1 (0). 



Thus, for the rate of the reaction e — > e + Z + if we finally obtain: 



16G|Mf /m 
'3(2vr) 3 g VM 



X 2 x 



(16) 



x 



x 2 dx 



( 1 - x-^f 



,(1-^(1-^ 



2\ 1/2 



VM 



Fy f M 



.r 



F.I _ MIX (M 



M 2 / VM, 



+ 



2x 



M| 
M 2 



The integral with respect to x in ( |16"1) can be easily calculated, but the 
complete expression obtained is too complicated to be presented here. The 
asymptotics of the rate fllfi]) in the limiting cases, M# 3> M^ and M# = Mz, 
have the following form: 



W = C(g 2 v + g 2 A ) 



M^ 2 



240 \M Z 
16(23V3tt - 125) 
9 



M H > M z , 



M H = M z , 



(17) 



where C 



16 G\M% fm\ 



( T7 X- 



3 (2vr)3Q VM7 
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If the mass of the Higgs particle is large enough Mh 3> M z , the result (|T7|) 
up to a numerical factor coincides with that, obtained in [20], where the rate 
of the process e — > e+Z + H in the superstrong magnetic field was calculated. 
It was shown there, that the associative Higgs and Z - boson production is 
a fairly probable process, at least in the presence of a superstrong magnetic 
field. " 

Finally some interesting cases of the photoproduction process e + 7 — > 
e + Z + H are to be studied. 

In the Fig. 1 the rate of the process e + 7 — > e + Z + H is depicted as a 
function of the parameter se, calculated by means of the formulas in the 
intermediate range of the Higgs boson masses: Mh = 100 (1), 200 (2) 300 (3) 
400 Gef (4). Taking (^j) into account, we conclude that near the threshold, 
when aa ^ M 2 /m 2 « 10 11 + 10 12 Gev, the cross section of the reaction 
e + 7 — > e + Z + H is small as compared with that of e~ + e + — > Z + H . 
However, if ^J~s ^> Mh (where \/~s is the cm. energy of the particles) , the 
cross section of the process e~ + e + — > Z + H decreases as according to 
[17] 

G 2 M A 

a(e + + e~ -> Z + H) = -£—£(1 - 4 sin 2 9^ + 8 sin 4 Q w ), (18) 

487TS 

whereas with consideration for (|6]) the rate of the Higgs boson production 

2 

channel e + j—ye + Z + Hm the logarithmic approximation (In ^1 ^ 1) 
is described as 



a(e~ + -? ^ e~ + Z + H) 



a x , k 3> 1, 
a 2 , k < 1, 



80 



V m / M 2 



_^_^(^) 2 I(^) 1 ln (^) ln (^ J , (19) 



2 9 / eG r m \ 2 , aem 2 
^=0^ — f— ln 



3^ V 7T / M 2 

The study of fll8|) , ( |i~9"|) for the head-on electron-photon collisions when 
the energies of the particles are equal, leads to the following ratio of the cross 
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a -io 12 b 




Figure 1: The cross section of the process e + 7-^e + Z + i/asa function 
of 33 for various values of the Higgs mass: M H = 100 (1), 200 (2), 300 (3), 
400 (4) GeV 
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sections: 



ff(e + 7 -> e + Z + H) ^ ( C x , k > 1, ae < 10 22 , 
a(e+ + e- -> Z + tf) ~ \ C 2 , fc < 1, ae > 10 23 , 

where a is the fine structure constant. 

The results obtained flT9"|), ([Z0) are valid in the wide range of external 
field intensities, and energy values. For example, if E > 1000 GeV, the ratio 
of the cross sections of the processes compared is equal to C\ > 10. 

Thus, as it follows from (|20|), at least at high energies the cross section of 
the reaction examined can substantially exceed that of the process e + + e _ — > 
Z + H, which at present is considered to be the most probable channel for 
the Higgs boson production. 
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